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Abstract
We discuss the possibility of producing a light dark photon dark matter through
a coupling between the dark photon field and the inflaton. The dark photon with a
large wavelength is efficiently produced due to the inflaton motion during inflation
and becomes non-relativistic before the time of matter-radiation equality. We
compute the amount of production analytically. The correct relic abundance is
realized with a dark photon mass extending down to 10−21 eV.
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1 Introduction
The nature of dark matter (DM) still remains unknown, while its existence has been
established. Although a weakly interacting massive particle (WIMP) is an intriguing
possibility, there has been no evidence which indicates its existence so far. Given the
situation, it is natural to keep an open mind on the identity of DM and search various
other possibilities. A spin-one dark photon, which arises from an abelian gauge group
outside of the Standard Model, gives one of the most popular alternatives to a WIMP
DM in that dark photons are ubiquitous in physics beyond the Standard Model as well
as string theory. A light dark photon DM does not require any symmetry to ensure its
stability unlike the case of a WIMP DM whose mass is around the electroweak scale.
Dark photons kinetically mixing with the ordinary photon have been actively searched
over a wide range of their masses (for a review of ongoing and future experiments, see
ref. [1]).
A dark photon DM with the correct relic abundance can be produced by a misalign-
ment mechanism like axions [2] only if the dark photon field has finely-tuned non-minimal
couplings to gravity [3]. Inflationary fluctuations can also produce the longitudinal mode
of a dark photon DM through the mass term [4]. The correct relic abundance is realized
when the dark photon has a mass mγ′ >∼ µeV. A light dark photon whose mass is below
1
µeV needs another mechanism. Recently, this issue has been discussed by several au-
thors [5–7]. Their mechanisms, relying on a dark photon coupling to an axion-like field
or a scalar field charged under a dark U(1), can realize a dark photon DM with a wide
range of masses extending down to 10−20 eV, which reaches the fuzzy DM paradigm
[8, 9]. The dark photon DM is produced with the assistance of another light scalar
field coupling to the dark photon. Ref. [10] has discussed the production of a light dark
photon DM from a network of cosmic strings. Such cosmic strings arise from the same
physics that makes the dark photon massive.
In this paper, we pursue the possibility of a light dark photon DM without the as-
sistance of any additional field other than the inflaton, which is by itself an essential
ingredient for the standard cosmology. Our dark photon field directly couples to the
inflaton. The authors of ref. [11] initiated such a possibility by introducing a coupling
ϕF ′F˜ ′ where ϕ is the inflaton field and F ′, F˜ ′ are the field strength of the dark photon
field A′ and its dual. The dark photon DM is generated via tachyonic instability dur-
ing inflation. However, since this coupling is proportional to the wavenumber, the dark
photon field with a large wavelength is not efficiently produced and the correct DM abun-
dance could be achieved with a dark photon mass mγ′ >∼ µeV, which is not our target.
Instead, we consider a coupling of the dark photon field to the inflaton I2(ϕ)F ′F ′ where
I is some function of ϕ. The motion of ϕ through this coupling breaks conformal invari-
ance in the 4-D free Maxwell theory so that the classical dark photon field is produced
upon the horizon exit of quantum fluctuations during inflation.1 This class of coupling
has been actively studied in the context of primordial large-scale magnetogenesis [12],
though its difficulty has also been evidenced [13–21] (see also [22, 23]).2 Instead, we here
show that the dark photon field with a large wavelength is efficiently produced with this
coupling and becomes non-relativistic before the time of matter-radiation equality. The
correct relic abundance is realized with a dark photon mass extending down to 10−21 eV.
The rest of the paper is organized as follows. In section 2, we present our simple
coupled inflaton-dark photon system to produce a light dark photon DM. The equation
of motion for each mode of the dark photon field is analytically solved in section 3. In
section 4, we show the final relic abundance of the light dark photon DM. Section 5 is
devoted to conclusions and discussions. In Appendix A, we discuss the contribution of
the longitudinal mode and demonstrate that it is subdominant to the transverse modes.
1Note that a free Maxwell field does not “feel” the horizon by itself due to the conformal invariance,
and the presence of the coupling is essential. This fact is in sharp contrast to other matter contents
whose free fields can be produced by coupling to gravity alone.
2The large-wavelength modes produced in the mechanism of this type can also source background
and statistical anisotropies [24–29].
2
2 The setup
We here present our setup of a dark photon with non-zero mass that is coupled to the
inflaton and our assumption of an inflationary background. We then see that the dark
photon field is decomposed into transverse and longitudinal modes around the isotropic
background. The equation of motion for each mode is derived.
2.1 The inflaton-dark photon system
We explore the production mechanism of a light dark photon DM during the inflationary
epoch. In order to break the conformal invariance of a free massless dark photon and to
drive its production, we here investigate a simple mechanism that can induce a highly
efficient production of light vector boson by a kinetic coupling to the inflaton ϕ. The
relevant part of the action we are interested in is
S =
∫
d4x
√−g
[
M2Pl
2
R− 1
2
∇µϕ∇µϕ− V (ϕ)− I
2(ϕ)
4
F ′µνF
′µν − m
2
γ′
2
A′µA
′µ
]
, (2.1)
where we take the (−+ ++) metric convention, MPl is the reduced Planck mass, and R
and ∇µ are the Ricci scalar and covariant derivative, respectively, compatible with the
metric gµν . The function V (ϕ) is the inflaton potential. The dark photon field A
′
µ couples
to the inflaton ϕ through its kinetic term with a function of ϕ while its field-strength
tensor is F ′µν ≡ ∂µA′ν − ∂νA′µ. We have introduced a Stueckelberg/Proca mass mγ′ for
the dark photon, to identify it with the dark matter that is non-relativistic today. In
principle, mγ′ can depend on ϕ as well, though we omit this dependence for our current
attempt. The crucial ingredient for our mechanism of the dark photon production is the
modulation of the kinetic term, or equivalently of the dark U(1) charge, by the inflaton
field, captured by the function I(ϕ).
During the inflationary epoch, we assume the following 1-point vacuum expectation
values (VEVs) of the inflaton and the dark photon field:3
〈ϕ〉 ≡ φ(t) 6= 0 , 〈A′µ〉 = 0 . (2.2)
3As we compute in Sec. 3, the dark photon production in our mechanism results in a spectrum
that is peaked at super-horizon scales. This implies that it can be viewed as a homogeneous (but not
necessarily isotropic) “background” in the perspective of sub-horizon observers [28]. However, we ensure
that the energy density of the produced dark photon is negligible to that of the inflaton, as discussed in
(3.20) and below. Therefore our perturbative treatment of the dark photon field around the null value
is self-consistent.
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The inflaton VEV is in general time-dependent. Then the flat Friedmann-Lemaˆıtre-
Robertson-Walker (FLRW) metric is a consistent geometry for the background spacetime
during inflation,
ds2 = a2(τ)
(−dτ 2 + δij dxidxj) , (2.3)
where τ is the conformal time, related to the physical time t through dτ = dt/a, a(τ)
is the scale factor, and i = 1, 2, 3 is the spatial index. In the pure de Sitter background,
a can be related to τ as a = −1
Hτ
with the physical Hubble parameter H ≡ ∂τa/a2 being
constant. The asymptotic past is τ → −∞ while inflation proceeds to τ → 0. For
the inflationary scenario, we assume a standard slow-roll inflation, which is an attractor
solution provided the slow-roll conditions,
V ≡ M
2
Pl
2
(
Vϕ
V
)2
 1 , ηV ≡M2Pl
Vϕϕ
V
 1 , (2.4)
are satisfied. Here, the subscript ϕ of V denotes derivative with respect to ϕ.
Along the inflationary trajectory, the time-dependent inflaton VEV φ(t) results in
a time-evolving classical value of the dark photon coupling, 〈I(ϕ)〉 ≡ I(φ). For the
sake of analytical control, let us take an ansatz on the time dependence of I(φ) during
inflation. We assume that this coupling changes for ai < a < aend, where ai (aend) is the
value of the scale factor where inflation starts (ends).4 In principle, the coupling can be
an arbitrary function of time, or the scale factor a. However, in order to simplify the
analysis, we postulate the following time dependence of the coupling during inflation:
I(φ) =
(
a
aend
)n
≈
(
τend
τ
)n
, (2.5)
for ai < a < aend, with some real number n and τend = −(Haend)−1. The last approx-
imate equality is valid at the leading order in the slow-roll expansion. We normalize I
such that its value reaches 1 when inflation ends and stays constant thereafter, to recover
the canonical kinetic term of the dark photon field. With the slow-roll approximation,
this time dependence of I(φ) can be induced by the form of the coupling
I(ϕ) ≈ e−
n
M2
Pl
∫ ϕ
ϕend
dϕ′ V (ϕ
′)
Vϕ(ϕ′) , (2.6)
for an arbitrary V (ϕ). Thus, the function I(ϕ) is determined by specifying the inflaton
potential V (ϕ). For instance, in the case of a hilltop model [30] of the type V (ϕ) =
4In a more general setup, one might cook up a nontrivial form of the coupling function such that
I(φ) changes only for part of the inflationary period. In the spirit of minimal assumptions, however,
we here identify the duration with the entire length of inflation.
4
Λ4
(
1− ϕ
µ
+ · · ·
)
, where Λ and µ are mass scales, the coupling function is given by
I(ϕ) ∝ ecϕ (c = nµ/M2Pl is a constant) during inflation. For more sophisticated inflation
models such as the Starobinsky model [31] and α attractors [32], I is given by a more
complicated function of ϕ to attain the time dependence (2.5). While we assume (2.5)
in the following discussions, the rest of this section is independent of the explicit form
of the dark photon coupling to the inflaton.
2.2 Transverse and longitudinal modes
Since we have assumed 〈A′µ〉 = 0, the dark photon field A′µ enters into the action
only from the quadratic order. Thus, in order to consider the production due to the
homogeneous motion of the inflaton, we only need to look at the quadratic part of the
action of A′µ, that is,
S
(2)
γ′ =
1
2
∫
dτ d3x
[
I2(φ)
(
F ′0iF
′
0i −
1
2
F ′ijF
′
ij
)
− a2m2γ′
(
−A′02 + A′iA′i
)]
. (2.7)
It is evident that A′0 enters without time derivatives, and thus a variation with respect
to it provides a constraint equation. Thanks to the background rotational symmetry, it
is convenient to decompose A′i into transverse modes A
′
i
T and a longitudinal mode χ as
A′i = A
′
i
T
+ ∂iχ , ∂iA
′
i
T
= 0 . (2.8)
One then immediately sees that the constraint equation can be solved for A′0 in terms
only of χ, that is,
A′0 =
−I2
−I2∂2 + a2m2γ′
∂τ∂iA
′
i =
−I2∂2
−I2∂2 + a2m2γ′
∂τχ , (2.9)
up to appropriate boundary conditions. Plugging (2.8) and (2.9) into the action (2.7),
we observe that the action is split into the part of the transverse modes A′i
T and the
part of the longitudinal mode χ,
S
(2)
γ′ = ST + SL ,
ST =
1
2
∫
dτ d3x
[
I2
(
∂τA
′
i
T
∂τA
′
i
T − ∂iA′jT∂iA′jT
)
− a2m2γ′A′iTA′iT
]
,
SL =
1
2
∫
dτ d3x a2m2γ′
[
∂τχ
(
−I2∂2
−I2∂2 + a2m2γ′
∂τχ
)
− ∂iχ∂iχ
]
,
(2.10)
up to total derivatives. We now derive the linearized equation of motion for each of the
transverse and longitudinal modes from these actions.
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2.2.1 The transverse modes
Let us first consider the transverse mode sector ST . We canonically normalize the field
A′i
T by defining Vi ≡ I(φ)A′iT , where I(φ) is a classical quantity. Noting that I(φ)
depends only on time, we have
ST =
1
2
∫
dτ d3x
[
∂τVi ∂τVi − Vi
(
−∂2 − ∂
2
τ I
I
+
a2m2γ′
I2
)
Vi
]
, (2.11)
where ∂2 ≡ ∂i∂i. We now decompose Vi into Fourier and polarization modes as
Vi(τ,x) =
∑
σ
∫
d3k
(2pi)3/2
eik·x eσi (kˆ) Vˆσ,k(τ) , (2.12)
where eσi (kˆ) are orthonormal polarization vectors perpendicular to the momentum direc-
tion kˆ ≡ k/|k|. The reality condition of Vi requires
∑
σ e
σ∗
i (kˆ)Vˆ
†
σ,k
=
∑
σ e
σ
i (−kˆ)Vˆσ,−k.
Then the action (2.11) becomes
ST =
1
2
∑
σ
∫
dτ d3k
[
∂τ Vˆ
†
σ,k
∂τ Vˆσ,k −
(
k2 − ∂
2
τ I
I
+
a2m2γ′
I2
)
Vˆ †
σ,k
Vˆ
σ,k
]
. (2.13)
Due to the nature of parity-invariant system, the mode functions of the two polarizations
are identical, while the background isotropy guarantees the mode function depends only
on the magnitude of the momentum, k ≡ |k|. Thus, we can decompose Vˆσ into the
creation/annihilation operators as
Vˆ
σ,k(τ) = Vk(τ) aˆσ,k + V
∗
k (τ) aˆ
†
σ,−k ,
[
aˆ
σ,k, aˆ
†
σ′,k′
]
= δσσ′ δ
(3)(k − k′) , (2.14)
and also find the equation of motion for the mode function,
∂2τVk +
(
k2 − ∂
2
τ I
I
+
a2m2γ′
I2
)
Vk = 0 . (2.15)
In the next section (Sec. 3), we solve this equation with the explicit form of I(τ) presented
in (2.5), to finally calculate the relic abundance of the dark photon DM.
2.2.2 The longitudinal mode
We now turn to the longitudinal mode sector SL. As in the previous case, we Fourier-
transform the longitudinal mode χ as
χ(τ,x) =
∫
d3k
(2pi)3/2
eik·x χˆk(τ) , (2.16)
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with the property χˆ†
k
= χˆ−k due to the reality condition. Then, the longitudinal sector
of the quadratic action (2.10) becomes
SL =
1
2
∫
dτ d3k a2m2γ′
[
I2k2
I2k2 + a2m2γ′
∂τ χˆ
†
k
∂τ χˆk − k2χˆ†kχˆk
]
. (2.17)
Canonically normalizing χˆk as
χˆk(τ) =
Xˆk(τ)
zk(τ)
, zk(τ) ≡ amγ′ Ik√
I2k2 + a2m2γ′
, (2.18)
we obtain
SL =
1
2
∫
dτ d3k
[
∂τXˆ
†
k
∂τXˆk −
(
k2 − ∂
2
τzk
zk
+
a2m2γ′
I2
)
Xˆ†
k
Xˆk
]
, (2.19)
up to total derivatives. As in the case of the transverse modes, the mode function
depends only on the magnitude of the momentum, k ≡ |k|. We then decompose Xˆk
into the creation/annihilation operators,
Xˆk(τ) = Xk(τ) aˆL,k +X
∗
k(τ) aˆ
†
L,−k ,
[
aˆ
L,k, aˆ
†
L,k′
]
= δ(3)(k − k′) . (2.20)
We find the equation of motion for the mode function Xk as
∂2τXk +
(
k2 − ∂
2
τzk
zk
+
a2m2γ′
I2
)
Xk = 0 . (2.21)
This equation of motion will be also solved in the following section.
3 Solutions of the EOMs
Let us now calculate the energy density of the dark photon field produced during infla-
tion. We express the energy density in terms of the mode functions and then solve the
equation of motion for each case of the transverse and longitudinal modes.
The energy density of the dark photon can be obtained from the energy-momentum
tensor involving the dark photon field TA
′
µν ≡ −2 δS[A′]/δgµν , that is, in the conformal
frame,
ργ′ ≡ −TA′ 00 = 1
2a4
[
I2
(
F ′0iF
′
0i +
1
2
F ′ijF
′
ij
)
+ a2m2γ′
(
A′0
2
+ A′iA
′
i
)]
. (3.1)
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Recalling the transverse/longitudinal decomposition given in (2.8) and the constraint
equation for A′0 in (2.9), the above expression of the energy density ργ′ can be separated
into the following three parts:
ργ′ = ργ′,T + ργ′,L + ∂iJi , (3.2)
where
ργ′,T =
1
2a4
[
I2
(
∂τA
′
i
T
∂τA
′
i
T
+ ∂iA
′
j
T
∂iA
′
j
T
)
+ a2m2γ′A
′
i
T
A′i
T
]
,
ργ′,L =
m2γ′
2a2
[
∂τχ
(
−I2∂2
−I2∂2 + a2m2γ′
∂τχ
)
+ ∂iχ∂iχ
]
.
(3.3)
That is, ργ′,T only involves the transverse modes A
′
i
T while ργ′,L the longitudinal mode χ.
The part Ji is also a function quadratic in A
′
i
T and χ (including cross terms), but enters
into the energy density only through the form of divergence. In fact, for the vacuum
average of the energy density 〈ργ′〉, the contribution from ∂iJi vanishes, reflecting the fact
that a vacuum-averaged quantity on a homogeneous background is also homogeneous
and thus divergence-free. We use the decompositions (2.12) and (2.14) for ργ′,T and
(2.16), (2.18) and (2.20) for ργ′,L. Hence, we obtain
〈ργ′〉 = 〈ργ′,T 〉+ 〈ργ′,L〉 , (3.4)
where
〈ργ′,T 〉 = 1
a4
∫
d3k
(2pi)3
[
I2 ∂τ
(
Vk
I
)
∂τ
(
V ∗k
I
)
+
(
k2 +
a2m2γ′
I2
)
VkV
∗
k
]
, (3.5)
〈ργ′,L〉 = 1
2a4
∫
d3k
(2pi)3
[
z2k ∂τ
(
Xk
zk
)
∂τ
(
X∗k
zk
)
+
(
k2 +
a2m2γ′
I2
)
XkX
∗
k
]
. (3.6)
The remaining task is to compute Vk and Xk by solving their equations of motion. One
noteworthy observation is that the forms of the quadratic action of the canonical trans-
verse (2.13) and the longitudinal (2.19) modes, and therefore their respective equations
of motion and energy densities, would be identical under the replacement I ↔ zk, as
can be seen in (2.15), (2.21), (3.5) and (3.6).5
In fact, as estimated in Appendix A, it turns out that the contribution of the longi-
tudinal mode to the energy density is subdominant, compared to that of the transverse
5The difference between (3.5) and (3.6) by a factor of 2 is simply due to the difference in the number
of degrees of freedom.
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modes (3.15), namely 〈ργ′〉 ' 〈ργ′,T 〉. We thus show the calculation of the transverse
modes in detail below, leaving the consideration of the longitudinal to Appendix A.
All the expressions are exact up to this point, while the following calculations in this
section are performed in the pure de Sitter background. To proceed the computation
analytically, we assume that the inflaton coupling to the dark photon I(φ) takes the
form (2.5). We here define x ≡ −kτ and assume mγ′/I  H during the period of
inflation to avoid mass suppression of the production. Then, the equation of motion for
the transverse modes (2.15) is approximated as
∂2xVk +
[
1− n(n+ 1)
x2
]
Vk ' 0 , (3.7)
at the leading order in the slow-roll approximation. The solution with the Bunch-Davies
initial condition is given by
Vk(τ) = i
√
pi
2
√−τ H(1)
n+ 1
2
(−kτ) , (3.8)
up to an arbitrary constant phase, where H
(1)
ν is the Hankel function of the first kind.
Plugging this solution into the expression of the energy density (3.5), we obtain
〈ργ′,T 〉 = H
4
8pi
∫ ∞
0
dx x2
[
x2
∣∣∣H(1)
n− 1
2
(x)
∣∣∣2 + (x2 + m2γ′
I2H2
) ∣∣∣H(1)
n+ 1
2
(x)
∣∣∣2] . (3.9)
Note that we keep the mass term in the above expression because the assumption
mγ′/I  H does not a priori guarantee mγ′/I  xH for super-horizon modes x  1.
In addition, the energy density spectrum Pγ′,T is defined as
〈ργ′,T 〉 ≡
∫
d ln k Pγ′,T (k) . (3.10)
The small argument expansion of the Hankel function reads∣∣∣H(1)ν (x)∣∣∣2 ' Γ2(|ν|)pi2 (x2)−2|ν| , (3.11)
for x  1 and ν 6= 0. Then, for super-horizon modes −kτ  1, the energy density
spectrum is approximately given by
Pγ′,T (k) ' H
4
8pi3
[
2|2n−1| Γ2
(∣∣∣n− 1
2
∣∣∣) (−kτ)5−|2n−1|
+ 2|2n+1| Γ2
(∣∣∣n+ 1
2
∣∣∣)((−kτ)5−|2n+1| + m2γ′
I2H2
(−kτ)3−|2n+1|
)]
.
(3.12)
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Our interest is the generation mechanism of the dark photon with a sub-eV mass as
the cold dark matter. In order for such a light dark photon to become non-relativistic
before the time of matter-radiation equality, it is favored that most of the dark photon
particles have small momenta. This is achieved, under the current system, if the dark
photon has a red spectrum, that is, Pγ′,T (k) is a decreasing function of k. With this
aim, recalling that (3.12) is valid for −kτ  1 and mγ′/I  H, we require
|n| > 2 . (3.13)
We are thus interested in this range of n.
To estimate the dark photon energy density, let us use the small-argument limit of
the Hankel function in (3.11) to compute (3.9) and take the hard-cutoff regularization
by k . −1/τ . Furthermore, in order to avoid the IR divergence, we set the smallest
k mode produced during inflation, denoting it by kmin ≡ −
√
n(n+ 1)/τi.
6 Only the
modes k > kmin get amplified. We then have
〈ργ′,T 〉 ' H
4
8pi3
∫ O(1)
−kminτ
dx
[
2|2n−1| Γ2
(∣∣∣n− 1
2
∣∣∣)x4−|2n−1|
+ 2|2n+1| Γ2
(∣∣∣n+ 1
2
∣∣∣)(x2 + m2γ′
I2H2
)
x2−|2n+1|
]
.
(3.14)
Recall the time dependence of I as in (2.5), i.e. I = (a/aend)
n = (τend/τ)
n, where τend
is the conformal time when inflation ends. Since −kminτ  1 and we have assumed
mγ′/I  H for the period of our interest, the mass term contribution turns out to be
negligible after the integration. Hence, evaluated at time τ = τend, we get
〈ργ′,T 〉τ=τend '
H4
8pi3
× 2
2|n| Γ2
(|n|+ 1
2
)
|n| − 2
1
(−kminτend)2|n|−4 ,
(3.15)
valid for |n| > 2. Note (−kminτend)−1 ∼ eN , where
N ≡ ln aend
ai
, (3.16)
is the number of e-folds during inflation. The produced modes are limited such that
−n/τi . k . −n/τend, and the comoving wavenumber at which the spectrum is peaked
6The
√
n(n+ 1) factor in the definition of kmin comes from the equation of motion (3.7). The
production occurs when a mode “crosses the horizon,” but this can happen for the light dark photon
only through the change of I. Because of this, only the modes −kτ <√n(n+ 1) are produced, and the
minimum among them is the one that experiences the crossing at the beginning of inflation, leading to
kmin = −
√
n(n+ 1)/τi.
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is given by
kpeak ≈ kmin = −
√
n(n+ 1)
τi
. (3.17)
As noted earlier in this section as well as in Appendix A, the contribution from the
longitudinal mode is negligible, and the energy density is dominated by the transverse
mode contribution. Therefore, the estimate of (3.15) gives the total energy density of
the dark photon at the end of inflation 〈ργ′〉τ=τend . The present values of 〈ργ′〉 and the
physical peak momentum will depend on the cosmological history, which we will discuss
in the next section.
Produced dark photons can back-react to the evolution of the homogeneous back-
ground during inflation, which puts the upper limit for the amount of dark photons.
Taking the vacuum average of the inflaton EOM, one finds that the homogeneous mode
φ receives a source/drain term due to the produced dark photons, denoted by Sφ. In
order for Sφ not to significantly back-react and to be treated only perturbatively, the
condition is given by
|Sφ|  3H|φ˙| , Sφ ≡ −IIϕ
2
〈FµνF µν〉 , (3.18)
where dot denotes derivative with respect to the physical time t. As discussed above,
the energy density of produced dark photons is dominated by the transverse mode
contribution. Using the Fourier decomposition (2.12) and the solution (3.8), we find,
integrating momenta for kmin < k . −n/τ ,
|Sφ| ' H
4
4pi3
Iϕ
I
× 2
2|n| Γ2
(|n|+ 1
2
)
|n| − 2
1
(−kminτ)2|n|−4 ,
(3.19)
for |n| > 2 at a given time τ . Here, −kminτ ∼ O(τ/τi) 1 and we have used the small
argument expansion of the Hankel function (3.11). Another backreaction condition
comes from the Friedmann equation,
〈ργ′〉  3M2PlH2 . (3.20)
Comparing the conditions (3.18) and (3.20),
|Sφ|
3H|φ˙| =
I|I˙|
6Hφ˙2
∣∣〈F 2〉∣∣ ' |n|
2V
〈ργ′〉
3M2PlH
2
, (3.21)
we see the former condition (3.18) is more stringent than the latter (3.20) by the slow-roll
parameter −1V . The backreaction condition thus amounts to, using (3.18) and (3.19),
1
−kminτ 
[
3pi (|n| − 2)
22|n||n|Γ2 (|n|+ 1
2
)
Pζ
] 1
2|n|−4
, (3.22)
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where the scalar power spectrum at the pivot scale is given by
Pζ |k=k∗ ∼=
(
H2
2piφ˙
)2
' H
2
8pi2VM2Pl
' 2.1× 10−9 . (3.23)
The physical meaning of the above conditions can be understood as follows: the energy
that is used to produce the dark photon particles is transferred from the motion of the
inflaton condensate. The conservation law requires the produced energy to be smaller
than the producing one, resulting in the condition (3.20). The act of the inflaton on the
dark photon comes with a counteract by the dark photon. The produced dark photons
disturb the motion of the inflaton condensate. If this disturbance were significant, the
inflationary dynamics would be disrupted, which would at least invalidate our calcu-
lation. The condition (3.18) is to avoid such an outcome. The latter condition turns
out more stringent, and thus (3.22) ensures negligible amount of both the mentioned
effects on the background dynamics. The region of the parameter space excluded by
this condition will be shown in the next section.
4 The relic abundance
After the end of inflation at a = aend, reheating proceeds until a = areh ≥ aend. We
assume the standard scenario that the effective equation of state after inflation until the
completion of reheating is w = 0 and that all the energy is transferred to the radiation
component. The produced dark photon with a comoving wavenumber k has the physical
momentum,
q(t) =
k
a(t)
, (4.1)
as a function of time t. Since the comoving wavenumber at which the spectrum is peaked
is kpeak ≈ kmin, the peak momentum at t = treh is given by
qpeak(treh) =
kpeak
a(treh)
= −kminτend
(
ρ(treh)
ρ(tend)
)1/3
, (4.2)
where −kminτend is the factor appearing in (3.15). Let us consider the case where the
momentum satisfies qpeak(treh)  mγ′ , which also prevents the mass suppression of the
dark photon production. (The other scenario is considered later, eq. (4.12) and below.)
The dark photon just after the end of inflation is relativistic and its energy density 〈ργ′〉
decreases as a−4, but its momentum is red-shifted and finally it becomes non-relativistic
at some time t = tNR where
qpeak(tNR) = mγ′ . (4.3)
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From the above equations, the temperature TNR at t = tNR is given by
TNR = mγ′
Treh
qpeak(treh)
=
(
30
pi2g∗(treh)
)1/4
mγ′
H
(
ρ(tend)
ρ(treh)
)1/12
ρ1/4(tend)
−kminτend .
(4.4)
Here, Treh is the reheating temperature and g∗(treh) is the number of relativistic degrees
of freedom at t = treh. Let us remind that (−kminτend)−1 ∼ eN is a large factor. After
the dark photon becomes non-relativistic, the energy density decays as 〈ργ′〉 ∝ a−3.
The dark photon must be non-relativistic at the time of matter-radiation equality, t =
teq, which satisfies ρm(teq) = ρr(teq) with ρm being the matter density. The temperature
at t = teq can be determined by
Teq =
90
pi2g∗(t0)
Ωm
M2PlH
2
0
T 30
, (4.5)
where H0, T0 and g∗(t0) are the Hubble parameter, the (CMB) temperature and the
number of relativistic degrees of freedom at present, respectively. The present fractional
matter density is denoted by Ωm ≡ ρm(t0)/ρ(t0) as usual. From (4.4) and (4.5), imposing
TNR > Teq, we obtain the constraint,
TNR
Teq
=
(pi2/30)
2/3
√
3 Ωm
g∗(t0)
g
1/3
∗ (treh)
mγ′
ρ1/6(tend)T
1/3
reh
T 30
MPlH20
1
−kminτend > 1 . (4.6)
Another constraint comes from the masslessness of the dark photon during the pro-
duction period. For the approximated equation of motion (3.7) to be valid, m2γ′/I
2 <
|n(n+ 1)|H2 has to be satisfied. For n < −2, I is a decreasing function of a and hence
it is sufficient to impose the constraint at the end of inflation, t = tend; for n > 2, I is
an increasing function and it has to be imposed at the starting time t = ti. Thus the
constraint translates to
mγ′ <
ρ1/2(tend)
31/2MPl
×

√|n(n+ 1)| , n < −2 ,√|n(n+ 1)| e−nN , n > 2 . (4.7)
We will take into account of these two conditions when we discuss the parameter space
to give the correct relic abundance of the dark photon dark matter.
We now evaluate the present density of the dark photon dark matter. The present
energy density evolves from the end of inflation as
〈ργ′〉t=t0 = 〈ργ′〉t=tend
(
aend
a(tNR)
)4(
a(tNR)
a0
)3
, (4.8)
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where a0 is the present value of the scale factor. The ratios of the scale factor above are
given by
a0
a(tNR)
=
1
21/4
(
pi2
30
)1/3
g
1/12
∗ (teq) g
1/4
∗ (tNR)
ρ1/3(t0) Ω
1/3
m
T 1/3eq TNR , (4.9)
and
a(tNR)
aend
=
(
g∗(treh)
g∗(tNR)
)1/4
Treh
TNR
(
ρ(tend)
ρ(treh)
)1/3
. (4.10)
Combining the above expressions with (3.15), we obtain the present fractional density
of the dark photon as
Ωγ′ ≡ 〈ργ′〉t=t0
ρ(t0)
=
7.609× 10−28
h2
22|n|−4Γ2
(|n|+ 1
2
)
|n| − 2
g∗(t0)
(−kminτend)2|n|−3
×
( mγ′
10−15 eV
)( Treh
1014 GeV
)(
ρ1/4(tend)
1016 GeV
)2
,
(4.11)
for |n| > 2. Here, we have used the numerical values, T0 = 2.725 K = 2.348×10−13 GeV,
H0 = 2.133× 10−42 hGeV and MPl = 2.435× 1018 GeV and assumed that the time tNR
is late enough such that the numbers of relativistic degrees of freedom is equal to that
at the equality, i.e. g∗(tNR) = g∗(teq). Let us emphasize that the small numerical factor
in (4.11) is compensate by the huge factor 1/ (−kminτend)2|n|−3 and thus the production
mechanism we discussed in the previous section is crucial to achieve the correct relic
abundance.
While we have so far assumed that the dark photon is relativistic during the produc-
tion, it is possible that produced dark photons become non-relativistic before the end of
inflation. Since we are interested in the dark photon spectrum that is red, this situation
happens when
kpeak
aend
< mγ′ . (4.12)
We still respect the masslessness condition (4.7), which is necessary to ensure the validity
of our calculation of the transverse modes. However, in the case of n > 2, the above
condition (4.12) is not compatible with the masslessness condition. Thus, the current
consideration applies only to the case of n < −2. Combining (4.12) and (4.7), we find
ρ1/2(tend)√
3MPl
√
n(n+ 1) e−N < mγ′ <
ρ1/2(tend)√
3MPl
√
|n(n+ 1)| , n < −2 . (4.13)
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In this case, as soon as inflation ends, the dark photon behaves as a non-relativistic
matter, and the estimate of its current energy density becomes,
〈ργ′〉t=t0 = 〈ργ′,T 〉t=tend
(
aend
a0
)3
, (4.14)
where 〈ργ′,T 〉t=tend is given in (3.15). Hence the present fractional density in this scenario
is
Ωγ′ ≡ 〈ργ′〉t=t0
ρ0
=
1.804× 1010
h2
22(|n|−2) Γ2
(|n|+ 1
2
)
|n| − 2
g
1/4
∗ (treh) g∗(t0)
g
1/4
∗ (teq)
1
(−kminτend)2|n|−4
×
(
Treh
1014 GeV
) (
ρ
1/4
end
1016 GeV
)4
.
(4.15)
This result is valid for the values of mγ′ in the range of (4.13). Note that the expressions
(4.11) and (4.15) neatly coincide each other where they should, i.e. at the point where the
left inequality in (4.13) saturates, which is a non-trivial cross-check of our calculation.
Due to the large numerical factor (4.15), the reheating temperature and the energy scale
of inflation need to be small for this scenario to give the correct abundance, and the
value of n should be close to n = −2.
Figure 1 shows the available parameter values of mγ′ and n that can give the correct
relic abundance of the dark photon dark matter. The conditions that are necessar-
ily respected, i.e. backreaction constraint (3.22), non-relativistic condition at equality
(4.6) and masslessness condition during inflation (4.7), are superimposed. Interestingly
enough, the last condition (4.7) is extremely severe for the cases n > 2, excluding all
the parameter regions, and thus we show no plots for n > 2. For n < −2, on the other
hand, the conditions (4.6) and (4.7) are less stringent than (3.22) for the values of the
dark photon mass mγ′ . µeV, and they even do not show up in the figures. The main
message from Figure 1 is that the correct relic abundance is realized with a dark photon
mass extending down to 10−21 eV, which is an interesting possibility for a light dark
matter.
To draw the plots in Figure 1, we have set the number of e-folds of inflation, N = 50
on the left panel and N = 60 on the right. For other values, we have chosen h = 0.67,
g∗(tNR) = g∗(t0) = 2, g∗(treh) = 106.75, Ωmh2 = 0.143 and Ωγ′h2 = Ωch2 = 0.120. For
simplicity, we also assume an instantaneous reheating right after the inflation, relating
the inflationary energy scale and the reheating temperature by
ρ(tend) =
pi2
30
g∗(treh)T 4reh . (4.16)
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Figure 1: Plots of parameters that give the correct relic abundance of the dark photon dark matter
as a function of mγ′ and n. The left and right panels correspond to the cases of N = 50 and N = 60,
respectively. We here take g∗(t0) = 2 and relate ρ(tend) and Treh by (4.16). The three solid curves
denote the cases where the reheating temperature is Treh = 10
16, 1014, 1012 GeV. The lower gray
region is excluded by the constraint to avoid strong backreaction of the produced dark photon onto
the background inflationary dynamics. The dark photon mass of mγ′ . 10−21 eV is excluded by the
constraints from Lyman-α forest [33] and black-hole superradiance [34].
This last assumption is in general not necessary and can be relaxed. For most of the
parameter choices, the relic abundance is given by (4.11), but only the part of the
rightmost (Treh = 10
12 GeV) curve on the right panel (N = 60) is given by (4.15). This
can be seen by the flattening of the curve toward the right border – the abundance does
not depend on the dark photon mass, as can be seen in (4.15). This is because the dark
photon is non-relativistic already at the end of inflation, and the inflationary production
mechanism, as well as the subsequent evolution, is controlled only by the cosmological
expansion.
5 Conclusion
In this paper, we have discussed the production of a light dark photon DM without
the assistance of any field other than the inflaton. Our dark photon directly couples
to the inflaton, and thus the model is minimal in the sense that we do not require any
additional exotic ingredients. We considered a coupling of the dark photon field to the
inflaton ϕ in the form I2(ϕ)FF , where I is some function of ϕ. The classical dark
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photon field is produced due to the motion of ϕ, through which the former experiences
the “horizon exit” of quantum fluctuations during inflation.
This coupling can induce a highly efficient, copious production of long-wavelength
modes of the dark photon. Its spectrum is peaked around the wavenumber that exits
the horizon at the earliest time and subsequently grows exponentially due to the ex-
pansion during inflation. Since the produced dark photon carries small momentum, this
mechanism circumvents the requirement for a dark photon to be non-relativistic in the
early time and allows a parameter domain with a sub-µeV DM mass. For a success-
ful scenario with the correct dark photon DM abundance, a few consistency conditions
are imposed: (i) the backreaction of the produced dark photon onto the background
inflationary dynamics needs to be negligible, (ii) the dark photon mass should be much
smaller than the inflationary Hubble parameter to avoid mass suppression, and (iii) the
dark photon necessarily becomes non-relativistic before the matter-radiation equality.
Interestingly, the condition (ii) excludes the entire parameter region in which I(ϕ)
is an increasing function in time. For the other case where I(ϕ) is decreasing, imposing
the requirement (i) automatically satisfies (ii) and (iii). Yet, with all these constraints
respected, we have shown that the correct relic abundance is realized with a dark photon
mass extending down to 10−21 eV. This is in the realm of fuzzy dark matter, and the mass
range of dark matter below this value is excluded by the Lyman-α forest observations
and the superradiance constraints from a supermassive black hole.7 As can be seen in
Figure 1, the time dependence of the function I should be close to ∼ a−2, which implies
that the dark photon spectrum is close to scale invariant. Although we have assumed a
simple relation between I and a to perform analytical calculation, this conclusion itself
is expected to hold more generally.
A few issues still remain to be discussed. Firstly, we have not specified the origin
of the dark photon mass. If the mass arises from some Higgs-like mechanism in the
dark sector, the produced dark photon may backreact on the Higgs potential. In this
case, one may need to solve the equations of motion for the dark photon and the Higgs
field simultaneously, because their classical configuration is in general time-dependent
in cosmological setups. This approach may also clarify the nature of symmetry break-
ing/restoration in the dark sector.
On the other hand, we have (somewhat carefully) avoided mentioning the explicit
form of I(ϕ) and its UV physics. This is beyond our current scope, but depending on its
7In this study we assume negligible coupling of the dark photon to any other fields. For potential
extra constraints in the cases where the dark photon couples to a B or B − L charge, we refer to
refs. [35, 36].
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origin, e.g. dimensional reduction factor or radiative corrections of the dark U(1) charge,
the dark photon mass might also acquire a dependence on ϕ. This can potentially modify
our calculation of the production and allowed parameter region for DM abundance.
The inflaton typically starts oscillating after the end of inflation until reheating. This
oscillation may in principle cause an enhancement of the dark photon field through para-
metric resonance. However, in our scenario, most of the dark photon modes produced
during inflation are well outside the horizon by the end of inflation, and thus the reso-
nance would have to be broad in order to amplify these k → 0 modes. While one may
be able to cook up a form of I(ϕ) that can achieve a broad resonance, simple coupling
forms typically lead only to a narrow type.
Finally, we have assumed that our dark photon has no mixing with the visible pho-
ton. This way, placing only the Lyman-α bound as an observational constraint is self-
consistent, but inclusion of the mixing is also a phenomenologically interesting direction
to consider. We would like to keep the present work as a proposal of production mech-
anism, and leave these intriguing issues to future studies.
Note added
While this paper was being completed, an overlapping work of ref. [37] appeared, where
CMB constraints due to the produced dark photon are also discussed. The scenario we
consider corresponds to the case (i) for γ < −4 (n < −2 for us) in Section 3 of [37].
Our result shows that the open parameter space is relatively narrow, as only the region
−2.15 . n < −2 is allowed from Figure 1, which is consistent to the qualitative claim
of [37]. Yet we have quantitatively shown that there exists an open parameter space in
which our scenario is viable. The reason is related to the fact that our dark photon is
originated from vacuum fluctuations and the perturbative treatment is always ensured,
see footnote 3. Another side note is that the mass range of dark photon they consider
is much heavier than that of our interest.
Acknowledgements
We would like to thank Masahito Yamazaki for discussions and Keshav Dasgupta, Peter
Denton and Yevgeny Stadnik for useful comments. Y.N. is grateful to KEK and Kavli
IPMU for their hospitality during the COVID-19 outbreak.
18
A The longitudinal contribution
In this Appendix, we estimate the energy density of the longitudinal mode just after
inflation. Using the expression of zk in (2.18) and the time dependence of I in (2.5) in
de Sitter limit, we find
∂2τzk
zk
=
1
τ 2
2p4 − (2n2 − 7n+ 1) p2M2 + n (n+ 1)M4
(p2 +M2)2
, (A.1)
where we have defined p ≡ k/a and M ≡ mγ′/I. We solve the EOM of (2.21) for each
case of pM and pM . In the case of pM , the mass term is negligible compared
to the momentum term. Then the EOM of the longitudinal mode, (2.21), reads
∂2τXk +
(
k2 − 2
τ 2
)
Xk ' 0 , pM . (A.2)
The solution to this equation, with the Bunch-Davies initial condition, is given by
Xk '= e
−ikτ
√
2k
(
1
−kτ − i
)
, pM , (A.3)
up to an arbitrary constant phase, where H
(1)
ν (x) is the Hankel function of the first kind.
On the other hand, in the case of pM , the EOM reads
∂2τXk −
n (n+ 1)
τ 2
Xk ' 0 , pM . (A.4)
Note that this is the same form of the equation as for the transverse modes, (3.7). The
solution can be written as
Xk ' C1 (−τ)n+1 + C2
(−τ)n , pM , (A.5)
where C1,2 are integration constants. We now connect two solutions of (A.3) and (A.5)
at the conformal time τNR,k when p = M by requiring
Xk
∣∣
τ=τNR,k, pM = Xk
∣∣
τ=τNR,k, pM ,
zk ∂τ
(
Xk
zk
) ∣∣∣∣
τ=τNR,k, pM
= zk ∂τ
(
Xk
zk
) ∣∣∣∣
τ=τNR,k, pM
,
(A.6)
which amounts to setting the integration constants as
C1 =
√
k
2
(−τNR,k)−n
2n+ 1
, C2 =
(−τNR,k)n−1√
2 k3/2
. (A.7)
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Since the solutions of the EOM have been obtained as in (A.3) and (A.5), we now
estimate the contribution of the longitudinal mode to the energy density. It is found
that both solutions give the blue spectrum and the energy density ργ′,L is dominated by
the case of p  M . By cutting off the UV k mode at the horizon crossing, i.e. kUV =
O(−1/τ), we obtain
〈ργ′,L〉| ' 〈ργ′,L〉|pM ∼ H
4
8pi2
, (A.8)
where we have used the assumption of mγ′/I  H during inflation. Comparing this to
the contribution from the transverse modes in (3.15), it is clear that the total energy
density of the dark photon is dominated by the transverse modes by the exponential
factor (−kminτend)−(2|n|−4) ∼ e(2|n|−4)N .
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